Pt for GOR). In addition, the porous Pt 3 Pb nanoplates can endure the long-term stability in EG and glycerol oxidation reactions with limited activity and structure change after 20,000 and 5,000 cycles, respectively, showing a highly promising class of porous Ptbased electrocatalysts for direct polyhydric alcohol fuel cells and beyond.
INTRODUCTION
As a unique class of advanced structures, nanoporous materials have attracted considerable attention in the past few decades due to their unique geometrical configurations, unusual structural features, and outstanding physicochemical properties [1] [2] [3] [4] [5] . Differing from conventional materials, nanoporous materials usually exhibit largely increased active sites and fast mass transport efficiency, all which are beneficial for the process of catalysis, reaction, or separation in applied catalysis, renewable energy, environmental cleanup and so forth [3, [6] [7] [8] [9] [10] [11] [12] . Hence, it is highly demanding to develop efficient approach for the creation of the advanced nanoporous materials. To date, sophisticated synthetic methods such as direct synthesis, thermal decomposition, electrochemical deposition, and template-assisted method have been developed for the creation of various porous nanomaterials [2, [13] [14] [15] [16] [17] , such as zeolites, metals, metal oxides, metal-organic frameworks (MOFs), covalent organic frameworks (COFs), carbons, inorganic-organic hybrid materials, and porous polymers [4, [18] [19] [20] [21] [22] [23] . As one of the most important nanomaterial members, noble metals such as platinum (Pt)-based nanomaterials play a critical role in a wide range of multidisciplinary fields [24, 25] , while the rare content and expensive cost largely hinder their practical applications [26, 27] . Therefore, it is more urgent to construct the porous noble metal nanostructures (PNMNs) for improving performance and atomic utilization from the view of practical application. However, unlike the porous metal oxides and carbons, it is very hard to directly prepare the porous noble metal materials, mainly due to the weak interaction between noble metal precursors and pore-directing agents, along with the fact that the noble metal atoms are apt to form into the close-packed arrangement pattern caused by the minimized surface energy for structural stability during the crystal growth process [24, 28] . While the most com-mon strategy to synthesize PNMNs is the hard-templating method, the procedure is usually complicated and is not beneficial for the efficient preparation of PNMNs [25, 29] . Consequently, it is extremely urgent to search new approaches for fabricating the porous noble metal nanomaterials.
Recently, the structurally ordered Pt-based nanocrystals (NCs) have emerged as a class of promising electrocatalysts, mainly due to their outstanding performance as well as structural superiorities [30] [31] [32] . From the structural perspective, the ordered Pt-based NCs can be ideal candidates for the design of porous Pt-based electrocatalysts due to their predictable control over the surface composition, active sites distribution, and local geometry of metal atoms [25, 33, 34] , which cannot be realized by the conventional alloys. For instance, while the Pt-based alloys with segregated features are fit for the formation of nanoframes [27, 35, 36] , and the core-shell structured Ptbased nanomaterials can be used as the bases for creating the hollow nanostructures [37, 38] , these disordered Ptbased NCs cannot be acted as the foundation to realize the porous Pt-based electrocatalysts [33, 34] . Moreover, because of the high enthalpy of mixing, the ordered nanomaterials can usually exhibit outstanding stability in catalytic reactions, which can be hardly afforded by the conventional disordered nanostructures [39] [40] [41] . Based on all the above considerations, rationally constructing the porous architectures based on ordered Pt-based NCs can be a viable strategy to create porous Pt-based electrocatalysts with enhanced electrocatalytic performance, but it is still an untapped subject to date.
Herein, we report a facile chemical etching approach to create a new class of porous PtPb/Pt NCs for the first time, namely porous PtPb/Pt nanoplates (porous PtPb/Pt NPs) and porous PtPb/Pt octahedra (porous PtPb/Pt OTs). The obtained series of porous PtPb/Pt NCs have controlled porosity, composition as well as well-defined morphology, which are highly beneficial for studying the shape, composition, alloy effect and the porosity on polyhydric alcohol electrooxidations, such as ethylene glycol and glycerol oxidation reactions (EG-G/OR). As a result, the porous PtPb/Pt NPs have been demonstrated largely enhanced EG-G/OR performances compared with the commercial Pt/C. The optimized porous PtPb/Pt NPs with composition of Pt 3 Pb exhibit the highest activity for EG-G/OR among all the studied electrocatalysts. The unique 3D porous structure and the outstanding antipoisoning ability also make the porous Pt 3 Pb NPs highly durable with limited mass activity decay over 20,000 potential cycles for EGOR (29.9% loss) and 5,000 potential cycles for GOR (34.2% loss), respectively. . For the EGOR (GOR) stability tests, CV sweepings were conducted for more than 20,000 (5,000) cycles. All the other electrochemical measurements were described in our previous studies [42, 43] .
EXPERIMENTAL SECTION

RESULTS AND DISCUSSION
By using PtPb NCs (i. e. PtPb NPs and PtPb OTs) as the starting materials (Figs S1, S2) [42, 43] , porous PtPb/Pt NCs were synthesized via a facile chemical etching strategy, in which nitric acid was used as the oxidative etching agent. Fig. 1 porous PtPb/Pt NCs with well-controlled morphology, composition, and porosity were prepared by precisely controlling the etching temperature at the aid of nitric acid (see Experimental Section for details). As shown in Fig. 1a and Fig. S1 , the unique PtPb NPs with hexagonal morphology were firstly selected as the seed to synthesize porous PtPb/Pt NPs with different compositions. After etching at 60 for 2 h in the nitric acid medium, we prepared the porous PtPb/Pt NPs with minimal etching extent, namely porous PtPb/Pt NPs (I), and the 3D model as well as the typical TEM images were shown in Fig. 1b and Fig. S5a , b. Large numbers of pores with the average size of 1.2±0.7 nm were observed on the surface of the porous PtPb/Pt NPs (I) (Fig. S5c) . Increasing the etching temperature from 60°C to 90°C while keeping other experimental parameters unchanged, we created the porous PtPb/Pt NPs with moderate etching level, namely porous PtPb/Pt NPs (II) (Fig. 1c and Fig. S5d , e). According to the statistics, the average pore size of these porous PtPb/ Pt NPs was determined to be 1.5±0.7 nm (Fig. S5f) . When the etching temperature was changed to 120°C, the porous PtPb/Pt NPs (III) with the largest etching degree were obtained ( Fig. 1d and Fig. S5g, h ), and the average pore size was measured to be 1.9±0.6 nm (Fig. S5i) . When the etching temperature was increased to 130°C, the porous PtPb/Pt NPs underwent too heavy etching to maintain the structure (Fig. S3d-f ).
We found that the optimized etching temperatures for creating porous PtPb/Pt OTs with different compositions are 50, 70, and 90°C, respectively, lower than that of the porous PtPb/Pt NPs, mainly due to the stable PtPb/Pt core/shell nanostructure of PtPb NPs [42, 43] . According to our previous study, PtPb OTs show the non-core/shell structure ( Fig. S2 ) [43] , resulting in their milder etching condition than PtPb NPs. For the porous PtPb/Pt OTs, the porosity and pore size improved with the increased etching temperature, which is revealed by the TEM and HAADF-STEM images as well as the corresponding 3D models of porous PtPb/Pt OTs ( S7a) . In order to study the phase of porous PtPb/Pt NCs, powder X-ray diffraction (PXRD) was carried out in details. PXRD patterns demonstrate that the PtPb NPs and different porous PtPb/Pt NPs are highly crystalline (Fig.  2b) . The PXRD pattern of PtPb NPs corresponds well with the intermetallic PtPb phase (Joint Committee on Powder Diffraction Standards (JCPDS) No. 06-0374) ( Fig.  2b (1) and Fig. 2c (1) ). After etching at 60°C for 2 h, the PXRD pattern of porous Pt 3 Pb 2 NPs is hardly changed (Fig. 2b (2) ), while the half-peak width of PtPb (102) facet became larger than that of the initial PtPb NPs from the enlarged PXRD patterns (Fig. 2c (1) and Fig. 2c (2) ). When the etching temperature was set to 90°C, the PXRD pattern of the porous Pt 3 Pb NPs underwent obvious change (Fig. 2b (3) ). From their enlarged PXRD pattern in Fig. 2c (3) , new diffraction peaks (2θ=39.8°, 46.2°), corresponding to cubic Pt phase (JCPDS No. 04-0802), were found, while all the diffraction peaks of PtPb NPs were maintained, revealing the presence of different crystal phases in the porous Pt 3 Pb NPs. This nanostructure is essentially an unconventional class of heterostructure for porous Pt 3 Pb NPs, which can be hardly revealed in previous work. After etching under higher temperature, the PXRD pattern of the porous Pt 21 Pb NPs underwent more significant change (Fig. 2b (4) ). The enlarged PXRD pattern confirms the formation of new phase, which matches well with the cubic Pt phase (Fig.  2c (4) ). Similarly, the overall Pt/Pb ratios and phases of PtPb OTs and porous PtPb/Pt OTs underwent gradual changes with the increases of the etching temperature ( Fig. 2d-f) . According to the ICP-AES and TEM-EDS results ( Fig. 2d and Fig. S7b ), the overall Pt/Pb ratios of PtPb OTs and porous PtPb/Pt OTs were determined to be about 50.6/ 49.4, 60.2/39.8, 75.5/24.5, and 95.4/4.6, respectively. The variation tendency of PXRD patterns for porous PtPb/Pt OTs is similar to porous PtPb/Pt NPs (Fig. 2b, c, e, f) . In particular, porous Pt 3 Pb OTs with coexistence of two phases were also synthesized via controlling the etching conditions ( Fig. 2e (3) and 2f (3) ).
To further analyze the nanostructure of porous PtPb/Pt NCs with different morphologies and compositions, a series of characterization techniques, such as high-resolution TEM (HRTEM), fast Fourier transform (FFT), HAADF-STEM, elemental mapping, and line-scan have been carried out (Fig. 3) . Compared with the initial PtPb NPs (Fig. 3a-c) , the porosity of porous PtPb/Pt NPs with different compositions can be clearly observed from the HRTEM and HAADF-STEM images (Fig. 3d, e, g, h, j, k) . The measured interplanar spacing of 0.212 nm and 0.219 nm shown in Fig. 3a, d , g are consistent with the (110) and (102) facets of PtPb intermetallic structure with hexagonal phase (P6 3 /mmc (194)), while the displayed interplanar spacing of 0.227 nm matches well with the cubic Pt phase (Fm−3m (225)), as shown in Fig. 3g , j. We can see that the elemental distribution of Pt and Pb for PtPb NPs and porous PtPb/Pt NPs are homogeneous throughout the whole nanoplates (Fig. 3b, e, h, k) , as also confirmed by the corresponding line-scans (Fig. 3c, f, i, l) . With the increase of etching degree, the relative content of Pb reduces gradually (Fig. 3c, f, i, l) , consistent with the ICP-AES and PXRD analyses (Fig. 2a-c) . Detailed morphology and structure characterizations of PtPb OTs and different porous PtPb/Pt OTs have also been carried out (Fig. 3m-x) . From the HRTEM images of PtPb OTs and porous PtPb/Pt OTs, we can see that the present facet gradually changed from PtPb (101) plane (0.304 nm) to Pt (111) plane (0.227 nm) (Fig. 3m, p, s, v) . The elements of Pt and Pb were distributed evenly throughout the OTs (Fig. 3n, q, t, w) , which can be also confirmed by their corresponding line-scans (Fig. 3o, r, u, x) . Here, porous PtPb/Pt NCs with well-controlled morphology, composition and phase have been created through an oxidative etching strategy. Integrating the advantages of porosity [24, 25] , modulated composition and phase [44] , and the 3D structure, porous PtPb/Pt NCs are highly expected to possess excellent performances, such as EG-G/OR.
For studying the EG-G/OR properties of PtPb NCs and porous PtPb/Pt NCs, the different Pt-Pb NCs were loaded onto the commercial carbon black (C, Vulcan XC-72R). The resulting electrocatalysts were applied for EG-G/OR under acid medium (Figs S8-S15 ). For comparison, the commercial Pt/C purchased from Johnson Matthey (JM) Corporation was selected as the benchmarked catalyst ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   344 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fig. S16a, b) . Fig. 4a and Fig. S17a 21 Pb OTs/C, and Pt/C (Fig. 4a, Fig. S17a and Table S1 ). The porous Pt 3 Pb NPs/C exhibits the largest ECSA (68. ) among all the catalysts except for the porous Pt 21 Pb NP/C (74.8 m 2 g −1 ), which even surpasses the ECSA of Pt/C (64.7 m 2 g −1 ), mainly due to the presence of large number of pores and the 2D structure.
EGOR was firstly used to evaluate the electrochemical properties of porous PtPb/Pt NCs/C and PtPb NCs/C as well as the commercial Pt/C. The EGOR measurements were performed in 0.1 mol L −1 HClO 4 solution containing 0.5 mol L −1 EG at room temperature, and the scanning rate of CV measurements was 50 mV s −1 . As shown in Fig. 4b and Fig. S17b , all the porous PtPb/Pt NPs/C exhibit larger oxidation peak currents than those of the PtPb NPs/C, and the porous PtPb/Pt OTs/C have the similar situation, indicating the enhanced electrochemical activities of porous Pt-based NCs. With the same composition, the currents of porous PtPb/Pt NPs/C were higher than those of the porous PtPb/Pt OTs/C. Among all the compared electrocatalysts, porous Pt 3 Pb NPs/C exhibits the highest oxidation peak current (Fig. 4c and  Fig. S17c) . To obtain the mass and specific activities of EGOR, the forward currents were normalized to Pt amount and ECSA, respectively. The EGOR mass activity of porous Pt 3 Pb NPs/C reaches to 1.19 A mg
−1
Pt , which is 1.5, 1.2, 2.2, 1.9, 1.7, 1.3, 2.5, and 5.5 times higher than those of the PtPb NPs/C, porous Pt 3 Pb 2 NPs/C, porous Pt 21 Pb NPs/C, PtPb OTs/C, porous Pt 3 Pb 2 OTs/C, porous Pt 3 Pb OTs/C, porous Pt 21 Pb OTs/C, and Pt/C, respectively (Table S1) , showing the greatest enhancement fac- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345 tor of mass activity versus the commercial Pt/C (Fig.  S18a) . Moreover, the porous Pt 3 Pb NPs/C displays the EGOR specific activity of 1.75 mA cm (Table S1) , and has higher enhancement factor of specific activity than the commercial Pt/C (Fig. S18b) . The unprecedented EGOR mass and specific activities make the porous Pt 3 Pb NPs/C the most active electrocatalyst ever achieved in the Pt-based EGOR catalysts reported to date (Table S2) .
Due to the complexity of EGOR, various reaction steps will take place [45, 46] . Different reaction intermediates, including the carbonyl group, can unavoidably adsorb on the surface of Pt-based electrocatalysts, leading to the CO poisoning of catalysts [45] . Generally, the ratio of forward current density (I f ) and backward current density (I b ) in the CV measurement is commonly used as the evaluation of the tolerance ability to CO poisoning [47] . As shown in Fig. 4d and Fig. S17d , the porous Pt 3 Pb NPs/C exhibits the highest I f /I b ratio (1.81) among all the catalysts, and also higher ratio than those of the Pt-based EGOR electrocatalysts reported to date (Table S2) , indicating the outstanding tolerance ability to CO poisoning, which is beneficial to the enhanced electrocatalytic stability. This can be ascribed to the key role of Pb in Pt-Pb NCs played in electrocatalysis [47] . X-ray photoelectron spectroscopy (XPS) was used to further analyze the unique electronic structure of Pt-Pb NCs (Fig. S19) . The increased binding ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   346 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . energy of Pt 4f and decreased binding energy of Pb 4f clearly suggest that the electron transferred from Pt to Pb in Pt-Pb NCs could be facilely occurred, which can be related to the strong electronic interaction between Pt and Pb and then contributing to the electrocatalytic stability.
The EGOR durability of these electrocatalysts was then investigated in details, since the durability can be seen as another significant evaluation criterion of electrocatalytic performance for catalyst [43, 48] . To test the EGOR durability of catalysts, CV measurements were applied (Fig.  4e and Fig. S20 ). The mass activity of porous Pt 3 Pb NPs/C for EGOR still reaches 1.00 A mg Pt , only 16.2% and 29.9% mass activity losses after 5,000 and 20,000 potential cycles, respectively, while the PtPb NPs/ C, porous Pt 3 Pb OTs/C, PtPb OTs/C, and commercial Pt/ C exhibit 20.9%, 23.8%, 30.4%, and 96.8% mass activity losses after 5,000 potential cycles, showing that the porous Pt 3 Pb NPs/C is the most stable catalyst among all the studied electrocatalysts (Fig. 4e, f and Fig. S20 ). These results make the porous Pt 3 Pb NPs/C the best EGOR electrocatalyst with excellent tolerance ability to CO poisoning reported to date (Table S2) . Further, the morphological and structural characterizations of porous Pt 3 Pb NPs/C and commercial Pt/C after 5,000 CV cycles for EGOR were studied in details (Fig. 4g-i, Fig. S21 and Fig. S16c, d ). After EGOR durability measurement, the shape, composition, phase, and elemental distribution of porous Pt 3 Pb NPs/C had limited changes (Fig. 4g-i and Fig. S21 ). It is worth mentioning that the porous structure of porous Pt 3 Pb NPs/C can be sustained well after durability test, as revealed in Fig. 4g, h and Fig. S21e, f . By the sharp contrast, the Pt nanoparticles on commercial Pt/C became bigger and aggregated after stability test (Fig.  S16c, d ), confirming the outstanding EGOR durability of the porous Pt 3 Pb NPs/C.
In addition, the porous PtPb/Pt NCs/C, PtPb NCs/C, and commercial Pt/C were also studied as the anodic electrocatalysts for GOR in acid medium. The GOR measurements were conducted in 0.1 mol L −1 HClO 4 solution containing 0.5 mol L −1 glycerol with the scanning rate of 50 mV s −1 at room temperature. Fig. 5a and Fig.  S22a show the CV curves of different electrocatalysts, where the porous Pt 3 Pb NPs/C has the highest current among these nine catalysts. The mass and specific activities of different electrocatalysts for GOR were calculated (Fig. 5b, c, Fig. S22b, c and Table S3 ). The GOR mass activity of porous Pt 3 Pb NPs/C is measured to be 1.00 A mg
Pt , which is 1.5, 1.3, 1.9, 1.7, 1.6, 1.5, 2.9, and 5.1 times higher than those of the PtPb NPs/C, porous Pt 3 Pb 2 NPs/C, porous Pt 21 Pb NPs/C, PtPb OTs/C, porous Pt 3 Pb 2 OTs/C, porous Pt 3 Pb OTs/C, porous Pt 21 Pb OTs/ C, and Pt/C, respectively, demonstrating the highest mass activity among all the investigated electrocatalysts ( Fig. 5b and Fig. S22b ) and the highest enhancement factor of mass activity versus the commercial Pt/C (Fig. S23a) (Fig. 5c and Fig. S22c ). The porous Pt 3 Pb NPs/C also shows the greatest enhancement factor of specific activity versus the commercial Pt/C (Fig. S23b) . Among all these electrocatalysts, porous Pt 3 Pb NPs/C, porous Pt 3 Pb 2 NPs/C, porous Pt 3 Pb OTs/C, and porous Pt 3 Pb 2 OTs/C demonstrate more improved GOR activities than those of the commercial Pt/C, even better than those of PtPb NPs/C and PtPb OTs/C. Compared with other porous PtPb/Pt NCs/C, the porous Pt 21 Pb NPs/C and porous Pt 21 Pb OTs/ C show less enhanced GOR activities than that of the commercial Pt/C, mainly due to their weak alloy effect (Fig. S23) . Moreover, as summarized in Fig. 5d and Fig.  S22d , porous Pt 3 Pb NPs/C displays the largest I f /I b ratio (2.27) among these electrocatalysts in GOR, greater than those of PtPb NPs/C (2.08), porous Pt 3 Pb OTs/C (2.13), PtPb OTs/C (2.05), commercial Pt/C (1.02), and even higher than those of the reported Pt-based GOR electrocatalysts (Table S4) , indicating the superior tolerance to CO poisoning.
As shown in Fig. 5e and Fig. S24 , the GOR durability of different electrocatalysts was also studied in details. After 5000 potential cycles, about 34.2% GOR mass activity for the porous Pt 3 Pb NPs/C (0.66 A mg
Pt ) can be still maintained (Fig. 5e) . While the GOR mass activity losses of other catalysts reach 35.3%, 38.3%, and 46.6% for PtPb NPs/C, porous Pt 3 Pb OTs/C, and PtPb OTs/C, respectively ( Fig. 5f and Fig. S24a-c) . By sharp contrast, only 4.5% GOR mass activity for commercial Pt/C (0.009 A mg −1 Pt ) can be maintained after durability test (Fig. S24d) , which reveal that the porous Pt 3 Pb NPs/C is the most stable GOR electrocatalyst among all the investigated catalysts.
The highlights in our work are the largely enhanced EG-G/OR activities and long-term durability of the porous Pt 3 Pb NPs compared with other porous PtPb/Pt NPs, different porous PtPb/Pt OTs, PtPb NPs and PtPb OTs as well as the commercial Pt/C. The superior EG-G/OR performances of porous Pt 3 Pb NPs likely arise from their highly open 3D structure and the optimized synergistic effect between Pt and Pb. By precisely controlling the etching temperature with the aid of nitric acid, porous PtPb-based NCs with different morphologies, compositions and dimensionalities have been created, resulting in the substantial number of active sites [49] located inside and outside the nanoplates and therefore maximized Pt utilization, much higher than those of PtPb NPs and PtPb OTs. Consequently, the porous Pt 3 Pb NPs exhibit much improved EG-G/OR activities than the commercial Pt/C. Furthermore, due to the stable and optimized composition resulting from chemical etching as well as the strong electronic interaction between Pt and Pb atomic orbits, the porous Pt 3 Pb NPs demonstrate outstanding tolerance ability to CO poisoning and the excellent durability for EG-G/OR, compared with the PtPb NPs and the PtPb OTs as well as the commercial Pt/C. All these superiorities ensure the porous Pt 3 Pb NPs high EG-G/OR performances, even much better than many state-of-art Pt-based EG-G/OR electrocatalysts reported to date (Table S2 and Table S4) .
CONCLUSIONS
To summarize, we have demonstrated a facile chemical etching strategy to create porous PtPb/Pt NPs and porous PtPb/Pt OTs with different compositions. The morphology, composition, and porosity of the porous PtPb/Pt NCs have been readily modulated. The porous Pt 3 Pb NPs with 3D structures exhibit superior activity for EGOR (GOR) with about 5.5 (5.1) and 5.2 (4.8) times enhancements on mass activity and specific activity than the commercial Pt/C, respectively, which is also better than those of the PtPb NCs and porous PtPb/Pt NCs with other compositions, making them among the most promising EG-G/OR electrocatalysts to date. Due to the stable composition and the optimized synergistic effect between Pt and Pb, the porous Pt 3 Pb NPs exhibit ultrastable feature after long-term durability with only 29.9% mass activity loss after 20,000 CV cycles in EGOR. The present work will inspire the rational design of highperformance Pt-based NCs with well-controlled structure, composition, and porosity for fuel cells, batteries as well as heterogeneous reactions.
